Mineral sepiolite (Mg4Si6O15(OH)2•6H2O) with fibrous morphology is one of candidates for substituting asbestos. When sepiolite was used as a matrix of an inorganic insulator, it was expected that formation of cordierite (Mg2Al4Si5O18) at elevated temperatures should improve its thermal shock resistance. We investigated formation of α-cordierite by reacting two kinds of sepiolite (as-received and acid-treated sepiolite) with amorphous aluminosilicate fiber (Al2O3•1.88SiO2), γ-alumina (Al2O3) and amorphous silica (SiO2) at 1100-1300°C. A α-cordierite phase was observed above 1200°C for any starting compound, however, anorthite (CaAl2Si2O8) was produced at 1300°C when as-received sepiolite which contained calcite (CaCO3) as an impurity was used. A single phase of α-cordierite was prepared by heating the mixture of acid-treated sepiolite, amorphous aluminosilicate fiber and γ-alumina or acid-treated sepiolite, γ-alumina and amorphous silica at 1300°C.
Introduction
Asbestos which is a generic name of fibrous silicates had been used to various applications as building materials, friction materials for automotive brakes, seal materials for tube joints and insulators for high temperature furnaces etc.
1)-4) Although asbestos had been used for various industrial parts, in decades the usage has been strictly restricted because it causes serious health problems such as a lung cancer. 5),6) Detoxification of asbestos and development of post asbestos materials have been paid attention. 7 ), 8) A mineral sepiolite (Mg4Si6O15(OH)2•6H2O) 9),10) is one of candidates for post asbestos materials because sepiolite occurred in a Chinese mine has fibrous morphology and has some advantages such as low cost, chemical and thermal stabilities which are similar to asbestos except toxic nature. We attempted to use fibrous sepiolite as a post asbestos for inorganic insulators of high temperature industrial parts and reported the phase changes of the composites of sepiolite, α-alumina, amorphous aluminosilicate fiber and muscovite (KAl2Si3AlO10(OH)2) at 1200°C. 11) When the insulator fabricated by pressing the above composite was used in the industrial part which the terminal was water-cooled and the other was exposed to high temperature as high as 1000°C, there was a steep temperature gradient between 20 and 25 mm from the water-cooled terminal. 12) On the course of this investigation it was expected that the thermal shock resistance of the composite containing sepiolite should be improved if α-cordierite (Mg2Al4Si5O18) with low thermal expansion coefficient would be formed during usage at high temperature. Cordierite which is used as the filter of the automotive exhaust gas is prepared by heating the mixture of kaolinite (Al2Si2O5(OH)4), talc (Mg3Si4O10(OH)2) and alumina (Al2O3). 13 ), 14) Also it was reported that cordierite was a biocompatible material, and in particular it was used as support for growth of Chinese hamster ovary cell line. 15 ),16) In 1990's it was attempted that flyash was used as one of the starting materials to synthesize cordierite. 17 ),18) Recently Acimovic et al. prepared α-cordierite from the mixture of sepiolite yielded in Yugoslavia, kaolinite and quartz (SiO2), however, the maximum content of α-cordierite in the products was 56 mass%. 19) Besides these preparations solgel 20) , 21) and solution-polymerization methods 22) have been applied to preparation of α-cordierite powder. We attempted to prepare α-cordierite by using fibrous sepiolite as one of starting materials in addition to amorphous aluminosilicate fiber, amorphous silica and γ-alumina. The amorphous aluminosilicate fiber is an important material which is usually used to reinforce the strength of the insulator composite. Herein we will describe preparation of cordierite by using fibrous sepiolite and compare with the other preparation process.
Experimental
Chemical composition of the as-received sepiolite which occurred in a Chinese mine had SiO2 = 36.8, MgO = 16.5, CaO = 19.4, Fe2O3 = 0.51, Al2O3 = 0.89, K2O = 0.10 and Na2O = 0.11 in mass% and its ignition loss was 25.3 mass%. The major impurity phase which was CaO containing as calcite (CaCO3) could be removed by immersing in 1 M HCl solution at room temperature for 12 h. Two kinds of sepiolites, as-received and acidtreated sepiolites were used as starting materials. Cordierite was prepared as following two chemical reactions (1) and (2) . In reaction (1) γ-alumina (Sumitomo Chemical Co., AKP-G15) and amorphous silica (Admatechs SO-E3) which had high reactivity were used to form α-cordierite. In reaction (2) an amorphous aluminosilicate fiber (Al2O3•1.88SiO2, Isolite Insulating Products ISOWOOL) and γ-alumina were used. The weight of the asreceived sepiolite was calculated by excluding the impurity. Total mass of the mixture of the starting materials was 25 g, and the mixture was dispersed into distilled water of 300 ml and agitated for JCS-Japan
10 min. and filtrated by suction and dried at 50°C. The cake was milled until it forms fine powder in a mortar and heated at 1100, 1200 and 1300°C for 2 h in air. X-ray powder diffraction patterns (XRD) of the products were performed by a Rigaku Co., X-ray diffractometer (Rigaku Co., RINT-2000) with monochoramated Cu Kα radiation. The morphology of the products was observed by FE-SEM (JEOL Ltd., JEM-6500F).
3. Result and discussion 3.1 As-received sepiolite XRD patterns of the products by using as-received sepiolite are shown in Fig. 1 . SEM photographs of the products by using as-received sepiolite, aluminosilicate fiber and γ-alumina are shown in Fig. 2 . In the products at 1100°C no α-cordierite was observed and protoenstatite (MgSiO3) which was produced by decomposition of sepiolite appeared. Also akermanite (Ca2MgSi2O7) and lime (CaO) were formed at 1100°C and these phases were derived from the impurity, calcite. When amorphous aliminasilicate fiber was used, mullite (Al6Si2O13) was produced at 1100°C. At 1200°C α-cordierite was observed, and cristobalite (SiO2) and mullite coexisted for using amorphous silica and amorphous aliminasilicate fiber, respectively. At 1300°C the major phase was changed to anorthite (CaAl2Si2O8) and this result indicated that α-cordierite decomposed partially to form anorthite. As crystalline phases were α-cordierite and anorthite, a prat of magnesium comportment may be formed in an amorphous phase. As shown in Fig. 2 fibrous products are observed in the samples at 1200°C and these may be the decomposition product from the sepiolite and amorphous alminosilicate fibers. No fibrous products were observed in the samples at 1300°C.
When the as-received sepiolite was used to form α-cordierite, a large amount of impurity phase (CaO) inhibited formation of a single phase of α-cordierite at elevated temperatures. It is noteworthy that the major phase of the products at 1200°C is α-cordierite in spite of coexistence of CaO component. Figure 3 shows XRD patterns of the products by using acidtreated sepiolite. SEM photographs of the products by using acid-treated sepiolite, aluminosilicate fiber and γ-alumina are shown in Fig. 4 . At 1100°C protoenstatite which was produced by decomposition of sepiolite appeared and mullite was observed when amorphous aliminasilicate fiber was used. At 1200°C α-cordierite was formed, but reactions to form α-cordierite were incomplete, and unreacted cristobalite and mullite remained in the products for reactions (1) and (2), respectively. A single phase of α-cordierite with high crystallinity was obtained at 1300°C, though the previous work reported that a single phase Fig. 2 . SEM photographs of the products by using as-received sepiolite, aluminosilicate fiber and γ-alumina.
Acid-treated sepiolite
■ : Protoenstatite, ▲ : Cristobalite, ○ : Akermanite, □ : Lime, ▼ : Mullite, ☆ : α-Cordierite, ▽ : Anorthite Fig. 1 . XRD patterns of the products (a) by using as-received sepiolite, γ-alumina and amorphous silica and (b) by using as-received sepiolite, aluminosilicate fiber and γ-alumina.
of α-cordierite could not obtained by using sepiolite as one of the starting materials. 13) This difference may come from reactivity of the starting materials as well as the difference of sepiolte as a raw material. In this work the starting materials with high reactivity such as amorphous aliminasilicate fiber, γ-alumina and amorphous silica were used, however the previous work used quartz which was less reactive than amorphous silica. As shown in SEM pictures (Fig. 4) the samples heated up to 1200°C include fibrous products which may be decomposition ones from sepiolite and aliminosilicate fiber, however, no fibrous products are observed in the samples at 1300°C.
Formation process of α-cordierite
Cordierite could be crystallized via intermediate phases by
heating the mixture of sepiolite, amorphous alminosilicate, γ-alumina and amorphous silica. Sepiolite decomposed to protoenstatite and the amorphous phase, and amorphous alminosilicate crystallized to mullite and γ-alumina transformed to α-alumina up to 1100°C. Akermanite was crystallized by reaction of CaO with magnesia and silica components. By heating at 1200°C α-cordierite was crystallized, however, unreacted fibrous phases remained and akermanite caused by impurity disappeared. At 1300°C a single phase of α-cordierite was obtained when the acid-treated sepiolite without CaO was used. These phase changes at 1100-1300°C are summarized in Fig. 5 . By using sol-gel method α-cordierite was obtained at 1100°C and this was transformed from metastable μ-cordierite which was crystallized at 1100°C. 20) , 21) This process may be caused by the advantage of the sol-gel method in which the constituent atoms are mixed in the atomic level. On the contrary, when the starting materials with less reactive such as quartz were used, formation temperature of α-cordierite was raised up to 1300°C. 19 ) From these results it was important to use the reactive starting materials to crystallize α-cordierite at lower temperature.
The honeycomb filter of the automotive exhaust gas which is made from α-cordierite is fabricated by sintering the molding body formed by extrusion of the suspension based on kaolinite, talc and alumina.
13), 14) In this case kaolinite particles with platelike shape are orientated by extrusion and the orientated kaolinite particles determine the direction of crystallization of α-cordierite which controls the thermal expansion of the sintered body. In this work the components produced at high temperature were protoenstatite, mullite, α-alumina and cristobalite before crystallization of α-cordierite, and some of them kept fibrous morphology. It was expected that fibrous α-cordierite would be crystallized by using fibrous starting materials, however, the morphology of α-cordierite from the present starting materials was an irregular shape.
We have already reported that fibrous sepiolite was a promising material for post asbestos to apply inorganic insulators of high temperature industrial parts. 11), 12) This work suggests that α-cordierite can be produced by reacting fibrous sepiolite with fibrous amorphous alminosilicate, γ-alumina and amorphous silica above 1200°C and formation of α-cordierite in inorganic ■ : Protoenstatite, ▼ : Mullite, ▲ : Cristobalite, ☆ : α-Cordierite Fig. 3 . XRD patterns of the products (a) by using acid-treated sepiolite, γ-alumina and amorphous silica and (b) by using acid-treated sepiolite, aluminosilicate fiber and γ-alumina. insulators may contribute to improve thermal shock resistance at elevated temperatures. The mechanical properties of such inorganic insulators are required further investigation.
